These experiments were done to learn whether Mycoplasma pulmonis infections of the respiratory tract of rats can potentiate "neurogenic inflammation" and whether this potentiation is amplified by factors that exacerbate the infections. Pathogen-free F344 rats were inoculated intranasally with M. pulmonis or with sterile culture medium and then lived for 4 wk in an ammonia-free atmosphere or in air containing ammonia (100 parts per million "Neurogenic inflammation" is a type of inflammation mediated by substances released from sensory nerves (1, 2). Neurogenic inflammation in the mucosa of the respiratory tract is manifested by vasodilatation, increased vascular permeability with the extravasation of plasma proteins, diffusion ofextravasated plasma proteins into the airway lumen, adherence of leukocytes to the vascular endothelium, and secretion of mucus (3-8).
Introduction
These experiments were done to learn whether Mycoplasma pulmonis infections of the respiratory tract of rats can potentiate "neurogenic inflammation" and whether this potentiation is amplified by factors that exacerbate the infections. Pathogen-free F344 rats were inoculated intranasally with M. pulmonis or with sterile culture medium and then lived for 4 wk in an ammonia-free atmosphere or in air containing ammonia (100 parts per million). Neurogenic inflammation was evoked by an intravenous injection of capsaicin, and 5 min later the magnitude of the response was quantified by measuring the amount of extravasation of two tracers, Monastral blue pigment and Evans blue dye. We found that vascular permeability in the tracheas of all rats was normal in the absence of capsaicin. However, a 75-ag/kg dose ofcapsaicin, which caused almost no extravasation of Evans blue in the tracheas of pathogen-free controls (17±3 ng/mg; mean±SE), produced extensive extravasation in the infected rats (135±18 ng/mg; P < 0.001). Similarly, this dose of capsaicin produced 30 times as much Monastral blue extravasation in the infected rats (area density = 47±8% of surface area) as it did in the pathogen-free rats (1.6±0.5%; P < 0.001), a difference that resulted from increases in the number of Monastral blue-labeled postcapillary venules and in the amount of labeling per venule. Exposure of the infected rats to ammonia exacerbated the infections, further increased the number of Monastral blue-labeled vessels and the amount of labeling per vessel, and made the rats so sensitive to capsaicin that a normally tolerable dose of 150 ug/kg i.v. caused fatal apnea. Ammonia did not have these effects in pathogen-free rats. We conclude that M. pulmonis infections of the airway mucosa cause a potent, long-lasting potentiation of neurogenic inflammation, which results in part from an increase in the number and responsiveness of mediator-sensitive postcapillary venules. These changes can be amplified by environmental factors such as ammonia which exacerbate the infections. (J. Clin. Invest. 1991. 87:787-799.) Key words: aniogenesis * capsaicin * electron microscopy -plasma extravasationpostcapillary venules * respiratory tract infections * sensory nerves * vascular permeability "Neurogenic inflammation" is a type of inflammation mediated by substances released from sensory nerves (1, 2) . Neurogenic inflammation in the mucosa of the respiratory tract is manifested by vasodilatation, increased vascular permeability with the extravasation of plasma proteins, diffusion ofextravasated plasma proteins into the airway lumen, adherence of leukocytes to the vascular endothelium, and secretion of mucus (3) (4) (5) (6) (7) (8) .
Several factors can change the magnitude ofthe neurogenic inflammatory response. Transient reductions in the response can be produced by antagonists which block the action of substance P, a presumptive mediator of neurogenic inflammation (9) , as well as by local anesthetics (3), 132-adrenergic agonists (5), xanthines (5), opioids (10) , corticotropin-releasing factor (11) , and glucocorticoids (12, 13) . Alternatively, the neurogenic inflammatory response can be potentiated by inhibitors of neutral endopeptidase (EC 3.4.24.1 1 or enkephalinase), an enzyme which degrades the peptide mediators that produce neurogenic inflammation (14) (15) (16) .
Of potential clinical relevance, the magnitude ofthe neurogenic inflammatory response is altered by viral respiratory tract infections (17) (18) (19) . For example, experimentally induced parainfluenza virus infections augment the contraction of airway smooth muscle induced by substance P and capsaicin, a sensory nerve stimulant (17, 18) . The infections also potentiate the increase in vascular permeability evoked by capsaicin (19) . These changes coincide with the peak of the viral infections, some 4-6 d after their onset. Neurogenic inflammation is also potentiated by naturally occurring respiratory tract infections due to a combination of organisms, including parainfluenza type I (Sendai) virus, coronavirus (sialodacryoadenitis virus/rat coronavirus), and Mycoplasma pulmonis (12, 20) . However, because ofits extraordinary magnitude and long ifnot permanent duration, the potentiation produced by these combined infections differs from that produced by transient viral infections.
A first step toward understanding the mechanism of this long-lasting potentiation is determining which of the three organisms is responsible for the change. The protracted nature of the change and the characteristic pathological alterations in the airway mucosa point to the M. pulmonis infections (12, 20) . Nonetheless, as Sendai virus and coronavirus infections can increase the severity of M. pulmonis infections (21, 22) , it is unknown whether M. pulmonis infections can augment the neurogenic inflammatory response in the absence of the viral infections.
The present studies had five goals. We sought to determine (b) whether the effects ofM. pulmonis infections on neurogenic inflammation are amplified by environmental conditions such as exposure to ammonia which makes the infections worse; (c) whether exposure to ammonia potentiates neurogenic inflammation in the absence of M. pulmonis infections; (d) whether the potentiation of neurogenic plasma extravasation results in part from an increase in the number of mediator-sensitive blood vessels or from an increase in the responsiveness of individual vessels; and (e), whether the magnitude of the neurogenic inflammatory response corresponds to the severity ofthe pathological changes produced in the tracheal mucosa by M. pulmonis infections. Our strategy was as follows: Pathogen-free rats were inoculated intranasally with M. pulmonis or with sterile culture medium and then lived in isolators for 4 wk. Some ofthe rats were exposed to ammonia during this period to exacerbate the M. pulmonis infections (23) (24) (25) . Thereafter, we determined the magnitude of the neurogenic inflammation evoked in the airways by a standardized dose of capsaicin, a drug known to induce neurogenic inflammation and thereby cause plasma extravasation (5, 20, (26) (27) (28) .
The amount of plasma extravasation in the trachea was quantified with two tracers having different properties. Evans blue dye, which binds to albumin, was used to measure the extravasation ofplasma proteins (29) . Monastral blue pigment, which crosses the endothelium and labels the walls of abnormally permeable blood vessels but is not extravasated from normal tracheal blood vessels (6, 30) , was used to exclude the possibility that the plasma extravasation was due to hemodynamic changes evoked by the capsaicin (31) rather than to an increase in vascular permeability. This tracer also enabled us to learn whether differences in the amount of plasma extravasation resulted from an increase in the number ofmediator-sensitive blood vessels or from an increase in the responsiveness of individual vessels.
The presence of M. pulmonis in the airways was confirmed at the end of the experiments by nasal, tracheal, and lung cultures, serological antibody titers, and electron microscopy. The possibility of interference by other respiratory pathogens was excluded by measuring antibody titers to Sendai virus, coronavirus, and six other organisms. In addition, the pathological changes in the tracheal mucosa were correlated with the magnitude of the neurogenic inflammatory response and were compared by light and electron microscopy to those produced by the combined infections studied previously (12, 20) , with particular attention being paid to the thickness, vascularity, and cellular composition of the tracheal mucosa.
Methods
M. pulmonis cultures. M. pulmonis of the 5782C4 strain (24, 32) was grown in mycoplasma broth A (32) , harvested in the late log phase of growth, and frozen at -70°C in l-ml aliquots. Before being used for inoculation, the culture medium was diluted to a concentration of 106.5 colony-forming units ofM. pulmonis per 50 MA, as determined by quantitative culture.
4 wk after inoculation, selected rats (see below) were anesthetized and homogenates of their nasal passages, tracheas, and lungs were cultured quantitatively for M. pulmonis by serial dilution and plating as described previously (24, 32) .
Initial treatment of animals. 108 male rats from a barrier-maintained breeding colony of gnotobiotic F344 rats at the University of Alabama were used in three experiments.' Rats 8-12 wk of age were removed from the breeding isolators and housed in separate plastic film isolators for the experiments without jeopardizing their gnotobiotic status.
In the first experiment 25 rats, sedated by an intramuscular injection of Ketamine and Rompun (0.05 ml of a mixture containing 98.5 mg/ml ofKetamine [Parke-Davis, Morris Plains, NJ] and 1.5 mg/ml of Rompun [Haver-Lockhart, Shawnee, KS]), were inoculated into each nostril with 25 ,l ofculture medium containing M. pulmonis. Each rat received a total dose of 1065 colony-forming units ofthe organisms. As controls, an additional 18 rats were inoculated with the same volume of sterile culture medium. The rats then lived for 4 wk in isolators in which the atmospheric ammonia concentration never exceeded 1.5 Mg/liter (2 parts per million) and was usually unmeasurable.
The second experiment was identical to the first with the exception that the M. pulmonis inoculated rats (n = 24) were exposed for 4 wk to an atmosphere containing ammonia. A concentration of 76 Mg NH3 per liter of air (100 parts per million) was maintained with gaseous ammonia from a tank ofliquid anhydrous NH3 (PB & S Chemical Co., Henderson, KY), which was dispensed into the middle ofthe incoming air stream of the exposure chamber (23, 24) . The concentration of ammonia within the isolators was monitored daily with a Drager Multi Gas Detector (Dragerwerk, Lubeck, FRG). As controls for this experiment, an additional 14 rats were inoculated with sterile medium and then lived in an ammonia-free environment.
In the third experiment, 27 rats were inoculated with sterile culture medium. For the next 4 wk 15 of these rats were exposed to ammonia as just described and 12 were exposed to ammonia-free air.
At the end of the 4-wk experiments, quantitative cultures for M. pulmonis were prepared from the airways of six infected rats not exposed to ammonia, six infected rats exposed to ammonia, and three pathogen-free controls. The remaining 93 rats were flown to the University of California, San Francisco, in seven groups of 12-15 rats each. The rats were housed in filter-protected containers during shipment and were studied within one day of their arrival in San Francisco. When studied, the pathogen-free controls had an average body weight of300±3 g (n = 41; mean±SE). The infected rats not exposed to ammonia weighed 277±5 g (n = 19), and the infected rats exposed to ammo-' This breeding colony of F344 rats has been maintained since January 1984 (6, 29) . 15 s later, half of the rats had neurogenic inflammation produced by a 75-Ag/kg dose of capsaicin (Sigma Chemical Co.) injected intravenously over 2 min. This dose of capsaicin is at the threshold for increasing vascular permeability in the tracheas of pathogen-free rats and is the highest dose that the infected rats could safely receive.2 The other half of the rats received an injection of the vehicle used for dissolving the capsaicin (1 ml/kg of an aqueous solution containing 0.9% NaCI, 1% ethanol, and 0.5% Tween 80 injected i.v. over 2 min).
5 min after the Evans blue and Monastral blue were injected, the rats were perfused through the ascending aorta with fixative (see below) at a pressure of 120 mm Hg. The perfusion washed out the intravascular tracers and preserved the tissues for the measurements of plasma extravasation and for the subsequent morphological studies.
Measurement ofincrease in vascular permeability. The 22-24 rats used in each experiment for measurements of vascular permeability were perfused for 2 min with 1% paraformaldehyde in 0.05 M citrate buffer (pH 3.5) (33). The rostral-most four cartilaginous rings were removed from each trachea, further fixed with 3% glutaraldehyde in 75 mM sodium cacodylate buffer (pH 7.1), and embedded in glycol methacrylate for the histological studies. The remaining portion of each trachea was cut open lengthwise along the ventral midline, transected at the carina, removed, blotted between pieces of bibulous paper, and weighed. The Evans blue was extracted from the trachea by incubation in three milliliters of 1% sodium Suramin (FBA Pharmaceuticals Division, Mobay Chemical Corp., New York, NY) in methanol for 4 d at 24°C (34) . Previous studies had shown that, unlike formamide, Suramin extracts Evans blue from tracheas without altering the distribution ofthe Monastral blue and without destroying the tissue for morphological studies.
The optical density of the extracted dye in Suramin was measured with a spectrophotometer (Zeiss PMQ II) at a wavelength of 620 nm, and the amount of Evans blue extravasated in the trachea was interpolated from a standard curve (29, 33) . The Evans blue concentrations were expressed in two ways: nanograms of dye per trachea and nanograms of dye per milligram of trachea.
After the Evans blue was extracted, the tracheas were flattened as whole mounts (6, 35) and used to estimate the number of Monastral blue-labeled blood vessels by stereological point counting (12). The 2 In previous studies, we used a capsaicin dose of 150 jg/kg injected intravenously over 2 min to evoke neurogenic inflammation in the respiratory tract (12, 13, 20) . In some pathogen-free rats, this dose of capsaicin caused brief periods of apnea during the injection but never caused death. Initially we planned to use this dose in the present study, but in preliminary experiments we learned that rats with M. pulmonis infections, particularly when exacerbated with ammonia, were so sensitive to capsaicin that a dose of 150 jig/kg i.v. caused death from apnea during the injection. Further experiments revealed that 75 jg/kg, which is just at the threshold for increasing vascular permeability in the tracheas of pathogen-free rats (20) , was the highest dose of capsaicin that the rats with severe M. puilmonis infections could safely tolerate. area density of labeled vessels was measured in 15 regions of mucosa, each having an area of0.2 mm2, between cartilaginous rings number 5 through 20 on the right side of each trachea. The measurements were made by superimposing a computer-generated multipurpose test lattice of 51 equally spaced points on a televised image of each of the 15 regions of trachea (12) . Area densities were expressed as the average percentage ofmucosal surface area occupied by labeled vessels in the 15 regions.
Tissue processingfor histological studies. Tracheal cross-sections 3 ,im in thickness, cut from specimens embedded in glycol methacrylate (JB-4 embedding kit, Polysciences Inc., Warrington, PA), were stained with 0.5% toluidine blue or Alcian blue-periodic acid Schiff(PAS) (12) . The average thickness of the epithelium and lamina propria and the luminal circumference of the mucosa were measured on televised images ofthe cross-sections with a digitizing tablet. The mucosal thickness (epithelium plus lamina propria), mucosal area per section, and mucosal volume per millimeter of tracheal length were calculated from these values.
Mucosal blood vessels labeled with Monastral blue as well as those not labeled with the pigment were counted in tracheal sections from the capsaicin-treated rats; these values were expressed as the number of profiles per millimeter of luminal circumference and the number per cubic millimeter of mucosa. In addition, the extent of Monastral blue labeling per vessel was quantified by measuring the stained portion of the circumference of labeled vessel profiles and expressing this as a proportion of the total vessel circumference.
The number of glycoprotein-rich epithelial secretory cells in the Alcian blue-PAS stained cross-sections from the vehicle-treated rats was determined by counting all epithelial cell profiles that contained bright magenta granules (abundant neutral glycoproteins) or blue-purple granules (abundant acidic glycoproteins). The counts were expressed as the number of secretory cell profiles per millimeter of luminal circumference (12) .
The two to six rats used in each experiment for electron microscopic studies were perfused with two glutaraldehyde-containing fixatives for 5 min each and the tracheas were removed (6). The four rostral-most cartilaginous rings were embedded in glycol methacrylate, and 1 x 3 mm specimens of mucosa were cut from between cartilaginous rings of the caudal trachea, processed for electron microscopy, and embedded in epoxy resin (6) . Sections 0.5 jm in thickness from these specimens were stained with toluidine blue for light microscopy, and sections -50 nm in thickness were mounted on single slot specimen grids and stained with lead citrate for electron microscopy. Eight M. pulmonis-infected rats, half of which were exposed to ammonia, and four pathogen-free rats were given capsaicin (75 jg/kg (36, 37) . This reaction stains nerves and ganglia and also colors mucosal lymphoid tissue, presumably because of the esterase activity of some lymphocytes (38) . The tracheas were then flattened as whole mounts (6).
The area density of the brown stained lymphoid tissue in these tracheas was quantified by stereological point counting in 
Results
Quantitative cultures and antibojdy titers. At the end of the 4-wk experiments, M. pulmonis were found by culture to be present in the nose and trachea in concentrations ranging from 1049 to 109.8 colony forming units per sample from the 12 infected rats used for this purpose and were also found in these concentrations in the lungs of 11 of these rats (Fig. 1 a) . The number of organisms cultured from the nose and lung was significantly greater in the infected rats exposed to ammonia than in those exposed to air (Fig. 1 a) . M. puilmonis were not found in any of the rats inoculated with sterile culture medium.
All of the rats inoculated with M. pulmonis had serological titers to M. pulmonis, and those exposed to ammonia had significantly higher titers than did the other infected rats (Fig. 1 b) . None of the infected rats had significant titers to Sendai virus, coronavirus or any ofthe other respiratory pathogens analyzed. The rats inoculated with sterile culture medium did not have titers to M. pulmonis or any of the other pathogens.
The presence ofM. pulmonis in the tracheas of infected rats was also confirmed by electron microscopy. The organisms were attached to the luminal surface ofepithelial secretory cells (Fig. 2 a) and ciliated cells (Fig. 2 b) . The mycoplasmas attached to ciliated cells were more closely associated with microvilli than with cilia (Fig. 2, b and c) .
Capsaicin-induced extravasation of Evans blute. The airways of the infected rats were unusually sensitive to capsaicin. For example, the tracheas of the air-exposed infected rats treated with 75 ,ug/kg of capsaicin contained seven times as much Evans blue (7,669+1,324 ng/trachea) as did the tracheas of the infected rats treated with vehicle (1,059±99 ng/trachea). By contrast, the tracheas of the pathogen-free rats treated with the same dose of capsaicin contained little more dye than did those of pathogen-free rats treated with vehicle (Fig. 3 a) . The amount of Evans blue in the tracheas of the capsaicin-treated infected rats was 10 times that in the corresponding capsaicintreated pathogen-free controls (767±137 ng/trachea; Fig. 3 a) . The response to capsaicin was significantly larger in the ammonia-exposed infected rats than in the air-exposed infected rats, as indicated by the total amount of extravasated Evans blue in the trachea (10,048+937 ng/trachea; Fig. 3 a) .
The amount of extravasation in these ammonia-exposed infected rats was eight times the baseline amount ofextravasation found in such rats in the absence of capsaicin (1,190±275 ng/ trachea). Ammonia exposure did not potentiate the capsaicin response of pathogen-free rats (Fig. 3 a) .
Capsaicin-indutced extravasation ofMonastral blue. The assumption that the abnormally large amount of capsaicin-induced extravasation of Evans blue in the infected rats was due to an increase in vascular permeability and not to hemodynamic changes was tested by determining the amount of Monastral blue labeling ofthe mucosal blood vessels. We found that the area density of labeled blood vessels in capsaicin-treated rats bore a close relationship to the amount of Evans blue per trachea (rd = 0.90; y = 134x + 702; n = 62; P < 0.001).
The air-exposed infected rats treated with capsaicin had 30 times the amount of vessel labeling (area density, 47±8% of mucosal surface area) as did the corresponding pathogen-free rats (area density, 1.6±0.5%; Fig. 3 c) .
Exposure of the infected rats to ammonia amplified the response to capsaicin by > 50% (area density, 74±2%; P < 0.01) compared to the values for the corresponding air-exposed rats (Fig. 3 c) . However, ammonia exposure did not potentiate the capsaicin-induced extravasation of Monastral blue in uninfected rats (area density, 1.7±0.5%; Fig. 3 c) . It appears, therefore, that this effect of ammonia required the presence of the infections and that the ammonia produced its effect by increasing the severity of the infections rather than by directly altering the neurogenic inflammatory response.
As further evidence that the severity of the infections in- Monastral blue pigment, expressed as the percent of mucosal surface area in which labeled blood vessels were present (c). Asterisks mark values that are significantly different from the corresponding values from pathogen-free rats (*) or from M. pulmonis-infected rats and pathogen-free rats (t*) as determined by one-way analysis of variance (P < 0.01).
fluenced the magnitude of the neurogenic inflammatory response, the area density of the Monastral blue-labeled vessels in the tracheas of capsaicin-treated rats was by simple linear regression closely related to the titer of M. pulmonis antibodies in the blood (r2 = 0.93; y = 0.026x -0.0 12; P < 0.001).
The question of whether the tracheas of the infected rats had an inherent abnormality in vascular permeability was addressed by comparing the amounts of extravasation in the various groups of vehicle-treated animals. Without capsaicin treatment, the infected rats had essentially the same area density of Monastral blue-labeled vessels as did the pathogen-free rats (Fig. 3 c) . Similarly, the amounts of Evans blue in the tracheas of these two groups were approximately the same when differences in tracheal weight were taken into account (Fig. 3 b) .
Mucosal thickness and vascularity. As the weights of the tracheas of the infected rats exposed to air or to ammonia were 40 and 85% greater, respectively, than the weights ofthe pathogen-free rat tracheas (Table I) , it was evident that there were likely to be corresponding increases in the amounts of mucosal tissue. Indeed, histological studies revealed that the tracheal mucosas in the two groups of infected rats were 87 and 290% thicker, respectively, than those of the controls (Table I) . Accordingly, the volumes of the mucosa were 60 and 250% greater, respectively, in these two groups than in the controls ( Table I ). The increase in mucosal thickness in the infected rats resulted from an increase in the height of the epithelium (see below) and a thickening of the lamina propria (Table I) due to the influx of lymphoid cells and other chronic inflammatory changes.
The possible contribution of the increase in mucosal tissue mass to the augmented extravasation ofthe tracers was assessed by comparing values normalized for tracheal weight. Evans blue values, expressed as nanograms of dye per milligram of trachea, averaged eight times larger in the capsaicin-treated, air-exposed infected rats than in the pathogen-free controls (Fig. 3 b ; P < 0.001). Similarly, Monastral blue area densities normalized for tracheal weight averaged 21 times higher (P < 0.001) in the capsaicin-treated, air-exposed infected rats (0.84±0.14% per mg) than in the controls (0.04±0.01% per mg). However, the normalized Monastral blue values for the ammonia-exposed infected rats (1.00±0.03% per mg) were only marginally greater than those for the corresponding airexposed rats (P = 0.08), and the normalized Evans blue values for the two groups of infected rats were not significantly different from one another (Fig. 3 b) .
For these normalized values to be meaningful, the abnormally thick mucosa would have to be accompanied by a corresponding increase in the number of blood vessels responsible for the capsaicin-induced plasma extravasation. Histological studies showed that the mucosa of infected rats was indeed more vascular than that of the pathogen-free controls: In the infected rats exposed to air and in those exposed to ammonia, the blood vessel profiles per millimeter of luminal surface were 30 and 100% more numerous, respectively, than in the controls (Table I) . However, the increase in mucosal volume exceeded the increase in vascularity to such an extent that the numbers of vessels per cubic millimeter of mucosa decreased 30 and 50%, respectively, in the two groups of infected rats (Table I) . Consequently, the normalization of the values for tracheal weight overcorrected for the increase in vascularity.
Monastral blue-labeled blood vessels. The abnormally large amount of extravasation in the tracheas of capsaicintreated infected rats could have resulted from an increase in the number of blood vessels that are responsive to mediators released by capsaicin or from an increase in the responsiveness of individual vessels. (Table   II) . Furthermore, all of the measurements for Monastral bluelabeled vessels in the ammonia-exposed infected rats were significantly larger than the corresponding values for the air-exposed infected rats (Table II) . Pathological changes in the tracheal mucosa. The tracheal mucosa of rats with M. pulmonis infections had at least three additional abnormalities. First, the thickness of the epithelium and the number of ciliated cells were conspicuously increased (Fig. 4, a and b, Table III ). When the infections were exacerbated by ammonia, the epithelium in some regions was even thicker and had cryptlike infoldings (Fig. 4 c) and in other regions, particularly over accumulations oflymphoid cells, was unusually thin, so the average thickness of the epithelium was about the same as that of the other infected rats (Table III) .
Second, the number of profiles of Alcian blue-PAS stained epithelial mucous cells was some 45 times greater in the air-exposed infected rats than in the pathogen-free rats (Figs. 4 , dand e, Table III ). Such cell profiles were even more abundant in the epithelium of the ammonia-exposed infected rats (Table III) , where they were particularly numerous and heavily laden with glycoprotein-rich secretory granules at the base of the cryptlike infoldings (Fig. 41) . Consistent with these observations, the secretory cells, unlike the serous cells typical of the tracheal epithelium of pathogen-free rats ( Fig. 5 a and b) , had the ultrastructural features of mucous cells (Figs. 5 c and d) . Third, aggregates of lymphoid cells, which were rare or absent in the tracheal mucosa of pathogen-free rats (Fig. 4 g, Table III ), occupied nearly half of the mucosal surface in the air-exposed infected rats and three-quarters of the mucosa in the ammonia-exposed infected rats (Fig. 4 h and i , Table III) .
Discussion
This study revealed that M. pulmonis infections in rats potentiated the plasma extravasation produced in the respiratory tract by the sensory nerve stimulant capsaicin. This potentiation was evident 4 wk after the rats were inoculated with M. pulmonis, at a time the organisms were abundant in the airways despite the presence of a prominent immunologic response. Exposure to ammonia amplified the response to capsaicin in the infected rats but not in the pathogen-free rats. We interpret these results as evidence that the chronic inflammation produced by mycoplasmal infections makes the airways abnormally sensitive to sensory nerve stimuli which evoke neurogenic inflammation and that ammonia can amplify this sensitivity by exacerbating the infections.
The design of our experiments took into account several issues. First was whether the increase in vascular permeability, which we attributed to neurogenic inflammation, could instead have been a nonspecific effect of the infection or ammonia exposure. To deal with this issue, we determined the amount of plasma extravasation in the tracheas ofeach group ofrats in the absence of capsaicin. These measurements showed that neither the infection nor the ammonia exposure itself significantly increased vascular permeability.
We used capsaicin as a sensory nerve stimulant because it can produce neurogenic inflammation in the respiratory tract in a dose-dependent fashion (20) . An intravenous dose of 75 ,ug/kg caused a barely detectable amount of plasma extravasation in the tracheas of pathogen-free rats but had very potent effects in M. pulmonis-infected rats. To interpret this finding, we needed to know whether the abnormally large amount of extravasation in the infected rats was due to a potentiation of the vascular permeability increase associated with neurogenic inflammation or to a potentiation of the hemodynamic changes evoked by the capsaicin (31) . For this reason we used two tracers, one (Evans blue) that follows the movement of albumin and thus can be influenced by hemodynamic changes, and the other (Monastral blue) which is sufficiently large (50-300 nm) that it can leave tracheal blood vessels only at sites of increased permeability (6, 30, 35) . The close correspondence of the results obtained with the two tracers is consistent with the conclusion that the capsaicin-induced extravasation of both tracers in the infected rats was due to an increase in vascular permeability.
Another question we addressed was whether the abnormally large amounts of Evans blue and Monastral blue in the tracheas ofthe infected rats could be explained by a nonspecific increase in the amount of mucosal tissue instead ofby a change a, d, g ), M. pulmonisinfected (b, e, h), and M. pulmonis infected with NH3 exposure (c, f i). a-c compare the thin epithelium with sparse ciliated cells in the trachea of a pathogen-free rat (a) and the abnormally thick epithelium with abundant ciliated cells (arrowheads) in infected rats (b and c). These figures also compare the densely stained serous granules in epithelial secretory cells of a pathogen-free rat (a) and the pale staining mucous granules in the secretory cells of the infected rats (b and c). 0.5 Lm epoxy sections stained with toluidine blue. Scale bar, 10 Am. d-f contrast the pale Alcian blue-PAS staining in the epithelium of a pathogen-free rat, except for the granules in globule leukocytes (d, arrows), the prominently stained magenta secretory granules of mucous cells in the epithelium of an infected rat (e), and the even more abundant mucous cells (magenta) in an infected rat exposed to NH3 (1). 3 ,um methacrylate sections. Scale bar, 10 ,im. g-i compare the number of Monastral blue-labeled blood vessels (blue structures) and the amount of mucosal lymphoid tissue (brown regions) in tracheal whole mounts from a capsaicin-treated pathogen-free rat (g, no lymphoid tissue), infected rat (h, two aggregates of lymphoid tissue), and infected rat exposed to NH3 (i, many aggregates of lymphoid tissue). The whole mounts are viewed from the luminal surface and show the mucosa overlying a portion of a cartilaginous ring (*) bordered by intercartilaginous connective tissue. Scale bar, 100 im. I"I in the neurogenic inflammatory response, per se. This possibility was examined by normalizing the amounts of the extravasated tracers for differences in tracheal weight, which served as an index of mucosal tissue mass. Such a normalization seemed appropriate because the tracheas of the infected rats were heavier than those of the pathogen-free controls and this increased weight was in large part due to a thickening of the mucosa. Despite this normalization, the values for capsaicininduced plasma extravasation were significantly larger in the infected rats than in the controls. Thus, the infection-induced potentiation of neurogenic plasma extravasation could not be explained simply by differences in tracheal weight. Furthermore, as the thickening ofthe mucosa was not accompanied by a proportionate increase in the number of mucosal blood vessels, the normalization for tracheal weight overcorrected for the increase in vascularity and erroneously reduced the differences between some of the groups. For example, the normalized Evans blue concentrations and the normalized Monastral blue area densities did not show the difference in the capsaicin-sensitivities of the two groups of infected rats (air-exposed vs. ammonia-exposed). However, this difference was clearly demonstrated by comparisons of the number of Monastral blue labeled vessels, the proportion of vessels that were labeled, and the extent of labeling of individual vessels.
A final issue was whether the rats acquired viral infections before or during the experiments, which would have obscured the role of the M. pulmonis infections in the potentiation of neurogenic inflammation. This question needed to be addressed because viral infections can potentiate neurogenic inflammation (19) and can make mycoplasmal infections worse (21, 22) . These complicating factors were avoided, first, by using rats that had been raised under barrier conditions and were known to be pathogen-free at the outset and, second, by housing the rats under barrier conditions during the 4-wk experiment. As a result, none of the animals used in the study had antibody titers to any of the nine pathogens tested except for M. pulmonis, and the rats that were not intentionally inoculated with M. pulmonis did not have titers to any of the organisms.
Comparison with effects ofother infections. Our data from rats with M. pulmonis infections differ in at least two ways from those obtained in similar studies of viral infections. First, the potentiation of neurogenic inflammation by M. pulmonis infections was present 4 wk after inoculation and probably was permanent, as these infections persist throughout life. By comparison, the potentiation of neurogenic inflammation by Sendai virus infections has only been detected 6 d after inoculation (19) . In adult rats, Sendai virus infections peak within a week, and the resulting pathological changes in the trachea and bronchi resolve in 10-17 d (40, 41) .
Second, M. pulmonis infections have a more potent effect on neurogenic plasma extravasation than do Sendai virus infections. For example, in M. pulmonis-infected rats, the 75-,ug/ kg dose of capsaicin produced extensive extravasation in the tracheal mucosa (area density of Monastral blue-labeled blood vessels, 47%) and had an even larger effect when the infection was exacerbated by ammonia (area density, 74%). In contrast, at the peak of a Sendai virus infection, this dose of capsaicin evokes much less extravasation (area density, 17%) (19) . Part of this difference can be attributed to the proliferation of mediator-sensitive postcapillary venules in the airway mucosa of M. pulmonis infected rats (see below).
The changes we found in the airways ofrats inoculated with M. pulmonis resembled those observed previously in rats with naturally acquired respiratory tract infections caused by Sendai virus and coronavirus in combination with M. pulmonis (12, 20) . In both the naturally infected and the inoculated animals, the potentiation of neurogenic plasma extravasation was strikingly large, had a long duration, and was accompanied by distinctive morphological alterations in the tracheal mucosa. In particular, the mucosa had an abnormally large number of Monastral blue-labeled postcapillary venules, was abnormally thick, and contained abundant lymphoid tissue (12, 42 An increase in the number of sensory nerves that release tachykinins could contribute to the potentiated response to capsaicin. However, this is unlikely to be the only change, because infected rats are unusually responsive to substance P (20) , which acts independent of the sensory nerves (3, 27) . An additional change that may be involved is a reduction in the activity of neutral endopeptidase (14) . A decrease in the activity of this enzyme augments the effects of endogenous and exogenous tachykinins (14, 18) , which are normally degraded by this enzyme (43) (44) (45) .
Whatever the mechanism of the potentiation, M. pulmonis are unlikely to affect nerves or blood vessels directly, as they are extracellular parasites which attach to the luminal surface of airway epithelial cells (46) . Although the basis ofthe organisms' pathogenicity is not known, they can survive in the airways for extended periods of time despite the immunologic response they evoke (47) . Part of this response involves the production of specific IgA, IgG, and IgM antibodies, and part is a manifestation of the nonspecific mitogenic effect of the organisms on lymphocytes (48, 49 (14, 17, 18) , perhaps through a reduction in neutral endopeptidase activity (14, 18) . The present study revealed that M. pulmonis infections make the sensory nerves of the airways abnormally sensitive to stimuli with respect to their mediation ofneurogenic inflammation. It is possible that such nerves are also abnormally sensitive with respect to their reflex effects, as we observed that capsaicin had an unusually potent effect on the pattern of breathing in rats with severe M. pulmonis infections. Some of the infected rats became apneic and died while receiving a dose of capsaicin that was readily tolerated by the pathogen-free rats.
The parallels between the changes in M. pulmonis-infected rats and the changes associated with asthma in humans are worthy of further study. Both are long-lasting conditions characterized by chronic inflammation of the airways. Both are associated with the development of an abnormal sensitivity to irritants. Both can be exacerbated by other conditions such as viral infections and inhaled irritants, and both are associated with changes that can be of extraordinary magnitude. We suspect that the elucidation of the mechanism by which M. pulmonis infections potentiate neurogenic inflammation will help in understanding the basis of the sustained bronchial hyperresponsiveness found in people with asthma.
Conclusions. We conclude that M. pulmonis infections in rats, in the absence of viral infections or other promoters, potentiate neurogenic plasma extravasation in the respiratory tract. This potentiation is evidenced by a long-lasting sensitization to capsaicin, which produces an abnormally large increase in the permeability of venules in the airway mucosa. When the infections are exacerbated by exposure to ammonia, the animals become even more susceptible to neurogenic inflammation. However, ammonia exposure does not sensitize uninfected animals, and neither the ammonia exposure nor the M. pulmonis infections increase vascular permeability in the absence of sensory nerve stimulation. Our experiments emphasize the importance of M. pulmonis infections as factors that can cause a potent, long-lasting increase in the responsiveness of the respiratory tract.
